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Summary It is obvious from even this cursory review that ultrastructural studies have provided the basis for much of our existing knowledge about differentiation and development of muscle. It is also evident that a great deal is known about differentiation of muscle cells. Because the major myofibrillar proteins of muscle are well characterized and possess unique features that permit their isolation and identification from very small amounts of tissue, muscle tissue may well constitute a very favorable system for the study of cell differentiation in general. It seems probable that future progress in the study of muscle differentiation will rely on an integrated application of biochemical, immunological, and ultrastructural techniques. Information from such efforts should eventually lead to the ability to control the rate of synthesis of myofibrillar Projects No. 1795 and 1796. The original studies reported in this review w-.re supported in part by grants from the National Institutes of Health (AM 12654), the Muscular Dystrophy Associations of America, the American Heart Association (No. 71-679), the Iowa Heart Association , and the American Meat Institute Foundation.
2 Invitational paper presented at the Symposium on Protein Synthesis and Muscle Growth held during the 65th Annual Meeting of the American Society of Animal Science, Lincoln, Nebraska, July 28 to August 1, 1973. 3We are grateful to Janet Stephenson for developing our tissue culture facilities and for assistance with tissue culture studies and are most appreciative of the stellar efforts of Joan Andersen and Barbara Hallman in assisting with preparation of this manuscript. The assistance of Mary Arthur with preparation of the micrographs is also gratefully acknowledged.
4 Miascle Biology Group.
proteins, and the rates and times at which myoblasts fuse to form muscle cells. Possession of this ability will make it possible to achieve extraordinary increases in feed efficiency and muscling in our domestic animals, and indeed, may usher in an entirely new era in animal science.
ln~oduction
Differentiation and development of muscle has intrigued and perplexed biologists since before the beginning of this century. Until the past 10 to 15 years, however, virtually no information was available on the chemical events accompanying cell differentiation, and the light microscope was the most powerful tool available to early biologists for study of muscle development. Consequently, before 1950, light microscopy was used extensively, and in some instances almost exclusively, in studies of muscle differentiation and development. Although many of these early light microscope studies were of excellent quality and exhibited extraordinary biological insight (Weed, 1936) , the inherent limitations in resolving power of the light microscope caused considerable disagreement about the exact nature and sequence of structural events during myogenesis. These disagreements were fueled by a lack of understanding of the structure and action of the myofibril and by the almost complete absence of information on the mechanism of protein synthesis. After 1950, electron microscopes became more widely available, and the greater resolving power of these instruments together with substantial progress in our understanding of the myofibril and the mechanism of protein synthesis has led to resolution of many of the earlier controversies about myogenesis. As will become evident in reading this review, 1111 JOURNAL OF ANIMAL SCIENCE, vol. 38, no. 5, 1974 however, the exact nature of the events occurring during myogenesis is still very much unsettled, and it seems likely that neither electron microscopy nor biochemical analysis alone, no matter how thorough or how carefully done, will be sufficient to resolve many of the important questions that still remain concerning myogenesis. Rather, an approach that combines electron microscopy and biochemical analysis is needed to resolve the unknown complexities that yet invest myogenesis. This review will discuss only the structural features of muscle cell differentiation and development. Examples of the biochemical methods used to study muscle development have been described earlier in this symposium, and Dr. Strohman's paper discusses some of his elegant experiments in which structural and biochemical procedures were used in concert to study muscle cell development. Although cardiac and skeletal muscle exhibit similar structural changes and characteristics during development, recent studies have shown that differentiating cardiac and skeletal muscle differ from each other in several important ways. Since skeletal muscle is the tissue of most concern in meat production, and since time limitations make it necessary to restrict even a review of the structural features of muscle cell development, this review will discuss differentiation and development only of skeletal muscle cells.
Characteristics of Mature
Muscle Cells
Before beginning a discussion of skeletal myogenesis, it may be helpful to briefly review the endpoint of such myogenesis, i.e., the structure of the mature muscle cell. Figure 1 shows a schematic of skeletal muscle structure at several different levels of organization ranging from that visible with the naked eye to that seen only at very high magnifications in the electron microscope. Mature skeletal muscle ceils have all the features associated with other animal ceils; they contain a cell membrane, lipid inclusions, mitochondria and ribosomes, although the latter may be observed infrequently in mature muscle. However, mature skeletal muscle cells differ from other animal cells in at least five important ways: 1) mature skeletal muscle cells are much more elongated than ordinary animal ceils, and may average 1 to 2 cm in length; 2) mature skeletal muscle cells are multinucleated; each cell may contain from 100 to 200 nuclei, and in normal, healthy cells, these nuclei all lie immediately under the sarcolemma or outer cell membrane ( figure 1B  and 1C) ; 3) mature skeletal muscle cells contain elongated protein threads whose long axes are oriented parallel with the long axis of the cell; these protein threads are called myofibrils and are the contractile units of the cell ( figure 1C  and 1D) ; 4) the endoplasmic reticulum membranes normally observed in animal cells assume a very specialized structure in muscle cells and are associated with another set of membranous tubules that are oriented perpendicular to the long axis of the cell; in recognition of its specialized structure, the endoplasmic reticulum in muscle cells is termed the sarcoplasmic reticulum, and the membranous tubules associated with the sarcoplasmic reticulum are called T-tubules (these structures will be described in more detail later); 5) lysosomes, the spherical, membrane-enclosed particles that contain hydrolytic enzymes, are not seen in healthy, mature skeletal muscle cells. The first four of these five unique features of skeletal muscle cells are important in understanding a discussion of the structural features of muscle development.
The Myofibril. Because myofibrils constitute over 50% of the total protein in a mature skeletal muscle cell, and because myofibrils exhibit a very characteristic and unique structure, most studies on differentiation and development of skeletal muscle have focused on the development of myofibrils in presumptive muscle cells. Consequently, it is important when discussing muscle development to be completely familiar with the structure of myofibrils in matttre skeletal muscle. Figure 2 shows that, when viewed in the electron microscope, fully developed myofibrils consist of a series of alternating light and dark bands. The light or I-bands are bisected by a dark line called the Z-disk, and the dark or A-bands contain a lighter zone, the H-zone, in their center. The light H-zone in turn is bisected by a dark line called the M-line. As shown schematically in figure 1 , the alternating light and dark bands of the myofibril originate directly from a unique arrangement of two sets of interdigitating fdaments. The larger filaments (diameter = 14-16nm) are found only in the A-band and are called thick fdaments. The other filaments, the thin filaments (diameter = 6-8 nm), are attached at one end to the Z-disk, extend from the Z-disk through the 1-band, and end in the A-band at the edge of the H-zone ( figure 1E ). Interdigitating thick and thin filaments can be readily observed in thin sections of skeletal muscle (figure 3). It is now known that thick filaments are composed principally of the myo-ment the ultrastructural evidence in these areas.
In spite of these few shortcomings, however, ultrastructural studies have provided a great deal of information about the processes that occur during differentiation and development of skeletal muscle cells, and it is now possible to describe a sequence of events that cells experience during differentiation to mature skeletal muscle cells. This sequence of events is outlined in Scheme I.
SEQUENCE OF EVENTS

Mesode~
)Presumptlve Myoblmt >Myoblmt Fu$1~Myotube >Myofiber DEFINITIONS Mesoderm -one of the three prT~ry germ layers in the embiyo Presumptive Myoblast -a mononucleated cell committed to beeomTng a muscle cell but incapable of fusion or of synthesizing c~tractHe proteins; d~fflcult to distinguish from other cells by ullrastructura[ examination alone.
Myoblast -a mononucreated cell capable of fusion and of wnthesizTng myofibrHlar proteins; bipolar ~n shape.
Myotube -an elongated, mulfinur cell formed by ~usion of myoblast~; nucleT do not dlvMe mitotically and are centrally located; contains myosEn and actln filaments at the periphery of the cell and may contain sarcomeres depending upon stage of development.
Myofiber
-a mature skeletal muscle cell filled w;th myofibrfls and w~th nuclei lying next to the sarcolemma; neither myofibers nor nuclei within myofibers divide mffotTcally, Scheme I, Events and nomenclature associated with differentiation and development of skeletal muscle cells.
It has been well established that almost all muscle tissue (including cardiac and smooth muscle) differentiate from mesoderm, the middle of the three primary germ layers of the embryo. The only known exceptions to this generalization are the smooth muscles of the iris in the eye and those of sweat and mammary glands; these muscles are ectodermal. Although Holtzer (1970) has suggested that no naive, uncommitted, or undifferentiated cells exist at the molecular level, it is presently impossible to recognize unequivocally those cells destined to form muscle tissue before they reach the myoblast stage. Even at the myoblast stage, identification usually is based on the bipolar or spindle shape of myoblasts compared with fibroblasts and other mesodermal cells, and myoblasts can be identified with certainty only if they contain myosin and actin filaments. Tissue culture studies have indicated, however, that cells committed to becoming muscle cells but structurally difficult to distinguish conelusively from other cells committed to becoming fibroblasts, etc., exist before the myoblast stage. These cells are called presumptive myoblasts (Scheme I). Presumptive myoblasts undoubtedly have undergone considerable differentiation from the early mesodennal cell and probably also must pass through several additional stages of differentiation before becoming recognizable as myoblasts. Since virtually nothing is known of events that distinguish these additional stages, however, they are not included in Scheme I.
The Myoblast. Myoblasts generally appear in muscle cell cultures or in sections of embryonic muscle as spindle-shaped, mononudeated cells containing numerous ribosomes (figures 6 and 7). Myoblasts derived from somites will occasionally possess thick and thin filaments, but myoblasts derived from leg or limb muscle rarely exhibit thick and thin filaments. The reason for this difference between limb and somitic myogenesis is unknown, but it may simply indicate that fusion to myotubes (Scheme I) occurs earlier in the life cycle of limb myoblasts than it does in somitic myoblasts (Konigsberg, 1965 It must be admitted, however, that until recently, this conclusion depended primarily on ultrastructural identification of thick and thin fila-"ments only in those cells that do not incorporate labeled thymidine. Since myosin and actin molecules cannot be detected ultrastructurally before assembly into filaments, it was possible that myosin and actin synthesis could be initiated before withdrawal from the mitotic cycle, but that assembly of myosin and aetin into filaments was delayed until after mitotic activity had ceased. The recent experiments by Paterson and Strohman (1972) and Yaffe and Dym (1973) , however, have made it unlikely that bulk synthesis of contractile proteins occurs before withdrawal from the mitotic cycle.
Since myoblasts can be conclusively identified only if they contain myosin and actin filaments, and since such myoblasts have, of course, ceased mitotic activity, it was natural to define myoblasts as postmitotic cells capable of synthesizing contractile proteins and of fusing with other similar postmitotic cells (Bischoff and Holtzer, 1969; Fischman, 1972; Holtzer and Bischoff, 1970; Ishikawa, Bischoff and Holtzer, 1968) . The recent results of Stockdale
